Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations have been employed to investigate the molecular structures and absorption spectra of three D-π-A-type organic dyes (C1-1, D5 and TH208) containing identical π-spacers and electron acceptors, but different aromatic amine electron-donating groups (tetrahydroquinoline, triphenylamine and phenothiazine). The coplanar geometries indicate that the strong conjugation is formed in the dyes. The electronic structures suggest that the intramolecular charge transfer from the donor to the acceptor occurs, and the electron-donating ability of tetrahydroquinoline is stronger than those of triphenylamine and phenothiazine. The computed orbital energy levels of these dyes confirm that the electrons could be injected from the excited dyes to the semiconductor conduction band and the oxidized dyes could be reduced effectively by electrolyte. The TD-DFT results show that the CAM-B3LYP/6-31+G(d, p) is suitable for calculating the absorption spectra. The first absorption band for these dyes is assigned to the HOMO → LUMO and HOMO-1 → LUMO transitions.
Introduction
Dye-sensitized solar cells (DSSCs) have attracted significant attention in recent years as they offer the possibility of low-cost conversion of photovoltaic energy. 1 The dye sensitizer carries out the light-harvesting function in DSSC and is therefore crucial in determining the overall cell efficiency. The most successful sensitizers employed in these cells are ruthenium polypyridyl complexes, achieving up to 11% conversion efficiencies under standard air mass (AM) 1.5 illumination. [2] [3] [4] However, the Ru complexes are nevertheless costly and hardly attained, which will restrict the large-scale application of DSSCs. 5 Metal-free organic dyes as sensitizers have also been under intensive investigation due to their high molar extinction coefficients, flexible structural modifications and low costs. 6, 7 In the DSSC process, the dye first absorbs solar light to form the excited state. The excited electron is injected into the conduction band (CB) of the semiconductor (e.g. TiO 2 ), and then transported toward the counter electrode through electron diffusion. The oxidized dye is reduced back to its neutral state by the redox couple with the positive charge being transported from the electrolyte to the counter electrode. Thus, the lowest unoccupied orbital (LUMO) of the sensitizer must be located above the semiconductor CB to provide the thermodynamic driving force for favorable interfacial electron injection; the highest occupied molecular orbital (HOMO) energy should have a lower energy than that of electrolyte to accept the electron from a redox electrolyte pair. The overall efficiency of DSSC strongly depends on the following factors: (i) light-harvesting efficiency of the dye for solar spectrum; (ii) electron injection probability from the excited state of the dye to the semiconductor (efficiency of the charge separation); (iii) electron transfer probability from the electrolyte to the oxidized dye. 8 These factors are closely related with the ground and excited electronic states of the dye. Thus, it is very imperative to investigate the electronic structures of the dye not only for understanding the mechanism of the charge separation and transfer, but also for designing and synthesizing more efficient dyes.
Donor-(π-bridged)-acceptor (D-π-A) dyes are considered to be one of the most promising types of organic sensitizers. The photo-excitation of a D-π-A dye can induce the intramolecular charge transfer (ICT) from the donor to the acceptor, accompanied by efficient electron transfer through the acceptor from the excited dye into the semiconductor CB. The charge transfer or separation between the donor and acceptor in the excited dye may facilitate the electron injection from the dye into the semiconductor CB. The donor plays an important role not only in tuning and modifying the absorption spectra, but also in controlling the molecular energy levels and the intramolecular charge separation. Many types of donor groups have been explored in sensitizers, such as carbazole, coumarin, triphenylamine (TPA), indoline, tetrahydroquinoline (THQ), bis-dimethylfluorenylamino and phenothiazine (PTZ). Recently, Sun et al. 9 reported three dyes (the phenothiazine dye (TH208), triphenylamine dye (D5) and tetrahydroquinoline dye (C1-1), as shown in Fig.  1 ) which consist of different aromatic amine electron-donating groups, yielding overall efficiency of 5.6%, 4.8% and 4.4%, respectively.
In this work, to understand how and why the chemical modifications bearing the donor tune the electronic and spectroscopic properties of D-π-A dyes, density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were performed to study the geometries, electronic structures and absorption spectra of C1-1, D5 and TH208. DFT has emerged as a reliable standard tool for the theoretical treatment of the electronic structures and absorption spectra. TD-DFT can give reliable values for valence excitation energies with the standard exchange-correlation functionals. The computational cost of TD-DFT calculation is comparative to that of a Hartree-Fock based single excitation theory, such as, configuration interaction singles (CIS) or time-dependent Hartree-Fock (TD-HF) method and maintains a uniform accuracy for open-shell and closed-shell systems. DFT has been extensively used to study the structures and absorption spectra of sensitizers for DSSCs.
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Computational Details
All calculations were carried out with the Gaussian 09 package. 28 The ground-state geometries were fully optimized without any symmetry constrains at the DFT level of theory with Becke's 29 three parameters hybrid functional and Lee, Yang and Parr's correlational functional B3LYP 30 using 6-31G(d) basis set on all atoms. The natural bond orbital (NBO) characteristics were obtained by the second-order perturbation theory (SOPT) analysis. 31 The excitation energies and oscillator strengths for the lowest 30 singlet-singlet transitions based on the optimized ground-state geometry were calculated within the TD-DFT methodology using the 6-31G(d) basis set and the functionals B3LYP, CAM-B3LYP, 32 long-range corrected (LC) ωPBE, 33,34 ωB97XD,
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MPW1B95
36 and PBE1PBE. 37 The absorption spectra are very sensitive to the basis set extension, and the simultaneous addition of extra polarization, diffuse and valence functions would lead to about 15 nm change of spectra. Thus, 6-31G(d), 6-31+G(d, p) and 6-311+G(2d, 2p) basis sets were then used to examine how the basis set affects the calculated excitation properties. The linear-response conductor polarizable continuum model (LR-CPCM) 38 ,39 was adopted here to include the bulk solvent effects (CH 2 Cl 2 ). The UV-vis spectra were simulated using the SWizard program (Revision 4.6) 40 with the full width at half-maximum of 3000 cm −1
.
Results and Discussion
Ground-state Geometries. Figure 2 shows the optimized geometries of C1-1, D5 and TH208, which follow the same picture. Most of the corresponding parameters for D5 are in good agreement with the results calculated by Zhang et al., 26 thus indicating the reasonability of the proposed results. All C-C lengths in the vinylene, thiophene and phenyl groups are between the distance of a single bonded C-C and a double bonded C=C, implying that there exists extensive delocalization throughout the molecules. The calculated distances between the C 2 atom and the C 11 atom are 9.68, 10.24 and 10.24 Å for C1-1, D5 and TH208, respectively, indicating that the distance between the electron donor and semiconductor surface for C1-1 is shorter than those for D5 and TH208 and that the THQ group possibly have stronger electron-donating ability than the TPA and PTZ groups.
The cyanoacrylic acid group (acceptor) is found to be fully coplanar with the thiophene group (π-bridge), as represented by the C 7 -C 8 -C 9 -C 10 dihedral angles; while the donor group and the π-bridge are also arranged in an almost perfectly coplanar disposition. Thus, it can be concluded that the donor and acceptor moieties are fully conjugated through the π-bridge. The delocalization in the conjugate bridge is beneficial to the ICT and to the stability of the molecule. The anchoring carboxyl group (-COOH) is coplanar with the π extended system of the molecule, as demonstrated by the negligible C 7 -C 8 -C 11 -O 13 values. Therefore, assuming a bidentate bind of the carboxyl group to the supporting semiconductor's surface it can be inferred that the π system of these dyes most probably lay perpendicular to the surface, thus resulting in a dense package and coverage. 41 On the other hand, loss of planarity within the donor fragment can help to inhibit the close intermolecular π-π aggregation effectively.
Charge Analysis. To characterize the direction and magnitude of the charge transfer (CT) interaction between different parts of the molecule (particularly the acceptor and donor moieties), the SOPT analysis of the Fock matrix within the NBO basis was performed. In this procedure, the role of electronic delocalization can be evaluated quantitatively. The directly estimated approach of π-conjugative stable energies using the SOPT analysis will be very helpful to analyze the π-conjugation strength of the D-π-A dyes. The π-conjugation stabilization strength was evaluated by the NBO donoracceptor interaction energies which are calculated on the basis of Lewis-and Pauling-like localized structural and hybridization theories and are presented with the classical π-conjugation concepts by a refinement of NBO analysis. This interaction energy corresponds to the charge delocalization due to the loss of electronic occupation from the localized Lewis molecular orbital to the non-Lewis molecular orbital leading to the distribution of electronic charge and therefore the perturbation from idealized Lewis structure description. For a characteristic conjugated π-bond network with two pairs of conjugated π bonds, the delocalized molecular orbitals can be pictured using the refined idealized Lewis structures by NBO donor-acceptor interaction of π a → π b * and π a → π b *. According to the perturbation theory, the lowering energy due to π a → π b * interaction, which is also referred to as the quantum mechanical resonance energy (denoted as QMRE), is estimated as 42 ( 1) where E acc − E don is the energy difference of interacting NBO and the matrix element, and F(acc, don) is the offdiagonal element associated with the NBO Fock matrix. The strength of π-type conjugation and its variations by introducing resonance moieties can be conveniently visualized in terms of the NBO second order perturbation stabilization energies (
) and the CT from π a to π b * . The sum of stabilization energies is chosen as an indicator of the degree of the π-conjugation. According to the NBO donoracceptor interaction theory, the charge occupancy of the π * NBO also indicates the strength of π-conjugation. The quantities of transferred charge from a given donor to a given acceptor orbital may be estimated again using elementary perturbation theory arguments, leading to the following approximate formula:
The selected NBO parameters from the SOPT analysis are presented in Table 1 . The CT in these D-π-A dyes is remarkable and essentially one directional, from the donor to the acceptor. The NBO parameters from the donor to the acceptor for C1-1 are larger than those for D5 and TH208, pointing out that the electron-donating ability of the THQ unit is stronger than those of the TPA and PTZ groups.
Electronic Structures. In a simplified picture, the electronic transition during the light absorption process of dyes can be sketched as removal of an electron in the HOMO followed by electron addition to the LUMO. Thus, electron contribution of the frontier molecular orbitals (MOs) is very important in understanding the capabilities of an organic dye as photosensitizer in DSSCs. Figure 3 shows the isodensity plots of the frontier MOs of C1-1, D5 and TH205. In all cases, the electron distributions between HOMO and LUMO are significantly different. The HOMO and HOMO-1 are delocalized over the entire molecule (including the donor); whereas the LUMO is delocalized essentially on the acceptor group with sizable contribution from the π-bridge. Thus, the HOMO-LUMO excitation on Table 1 . Conjugative interaction energies (ΔE (2) , in kcal/mol) and transferred charge (q, in e) between the π and π * orbitals in C1-1, D5 and TH208 from the second-order perturbation theory analysis of the Fock matrix within the NBO analysis
Dye
Donor orbital Acceptor orbital ΔE (2) Eacc-Edon/a.u. these dyes induced by light irradiation could move the electron distribution from the donor moiety to the anchoring/ acceptor moiety, consequently favoring electron injection from the dye to the semiconductor. At the same time, the electronic delocalization along the π-bridge ensures some overlap between the ground and excited states, which is important for achieving good molar extinction coefficients. The calculated molecular orbital energy diagram for these D-π-A dyes is shown in Figure 4 . In DSSC principle, the LUMO level of the dye must be situated above the semiconductor CB for effective electron injection, while the HOMO should be located under the redox couple of electrolyte for efficient regeneration of the oxidized dye. The edges of the valence band (VB) and CB of a TiO 2 anatase (101) surface are computed at −8.70 and −3.74 eV. 43 It can be found that for the dyes considered here, the simulated LUMO energies lie above the CB of TiO 2 , providing the thermodynamic driving force for favorable interfacial electron injection from the excited dyes to the CB edge of TiO 2 . Relatively large energy gaps between the LUMO energies of these dyes and the semiconductor CB would be beneficial to the photovoltaic conversion efficiencies. On the other hand, the HOMOs of these dyes lie below the iodide redox potential (−4.8 eV ), giving rise to a fast dye regeneration and avoiding the geminate charge recombination between the oxidized dyes and the photo-injected electrons in the TiO 2 film. Both the HOMO and LUMO energies decrease when going from C1-1 to D5 (a decrease of 0.09 and 0.16 eV for HOMO and LUMO, respectively) and from D5 to TH208 (0.10 and 0.04 eV, respectively), further confirming the stronger electron-donating ability of THQ than TPA and PTZ (in agreement with the previously discussed charge results).
The open-circuit photovoltage V OC in DSSCs can be determined by 45 : (3) where E c is the CB edge of the semiconductor, E redox is the electrolyte Fermi-level, kT is the thermal energy, q is the unit charge, n c is the number of electrons in the CB, and N CB is the accessible density of CB states. Upon the adsorption of dyes onto the semiconductor, the shift of E c could be expressed as a function of the dipole moment of adsorbed dye as
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: (4) where q is the electron charge, ε 0 and ε are the permittivity of the vacuum and the dielectric constant of the organic monolayer, γ is the dye's surface concentration, and μ normal is the component of dipole moment of the individual molecule perpendicular to the semiconductor surface. Grätzel and coworkers 47 have proven theoretically that the V OC of DSSCs linearly increases with the μ normal of the sensitizers pointing outward from the semiconductor surface. The dipole moments of the free dyes were calculated by B3LYP/6-31G(d) at the geometry of dyes adsorbed onto TiO 2 . The obtained normal dipole moments for C1-1, D5 and TH208 are 9.25, 9.70 and 9.70 Debye, respectively. The lower μ normal of C1-1 would give rise to less negative charges located close to the semiconductor and thus result in a smaller CB energy level upshift as well as a smaller V OC .
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Absorption Spectra. To gain insight into the intense absorption spectra of C1-1, D5 and TH208, TD-DFT calculations were performed based on the optimized ground-state geometries. The 30 lowest singlet-singlet transitions, up to an energy of 4.96 eV (250 nm), were taken into account. The excitation energies from TD-DFT calculations are generally within a 0.4 eV deviation from experimental data, and for organic dyes the average deviations are frequently smaller than this upper limit. For instance, Guillaumont and Nakamura 48 simulated the maximum absorption wavelength (λ max ) of several organic dyes (indigo, azobenzene, phenylamine, hydrazone, and anthraquinone) with an average error close to 0.20 eV. The establishment of an efficient computational framework highly depends on the appropriate choice of functionals and basis sets. Firstly, the vertical transitions from the S 0 state to the S 1 state were calculated in the frame of TD-DFT/LR-CPCM/6-31G(d) to evaluate the functional effects. Table 2 presents a comparison between the calculated λ max using different functionals and the experimental λ max for these dyes. The results indicate that the functionals have a remarkable effect on the vertical transition energies. The B3LYP functional underestimates the λ max values very significantly (0.21, 0.45 and 0.36 eV for C1-1, D5 and TH208, respectively); MPW1B95 and PBE1PBE also deliver underestimated λ max values. The other functionals with long-range corrections (CAM-B3LYP, LC-ωPBE and ωB97XD) overestimate the λ max values. The λ max and relative transition probabilities (intensities) from CAM-B3LYP agree best with the experimental data. Thus, CAM-B3LYP is the functional of choice for the absorption spectra calculation.
The selection of a basis set in the computation of electronically excited states is very important if one intends to obtain accurate results. 49 Usually, diffusion functions and polarization functions improve the calculated accuracy but at the increased computational cost. The compromise is to carry out computations using small basis sets and check for convergence using large basis sets. Therefore, we calculated the vertical transitions using CAM-B3LYP/6-31G(d), CAM-B3LYP/6-31+G(d, p) and CAM-B3LYP/6-311+G(2d,2p) based on the optimized ground-state geometries, respectively. The results for C1-1, D5 and TH208 using different basis sets are listed in Table 3 . The deviations between the calculated and experimental data are reduced when additional polarization, diffuse, or valence functions are included. However, the computational time using 6-311+G(2d,2p) are much longer than using 6-31+G(d, p), accompanied with only negligible improvements in the results. Thus, 6-31+ G(d, p) is the best compromise between computational cost and accuracy for the TD-DFT calculations of the as-investigated dyes.
The vertical excitation energies and oscillator strengths along with the main excitation configurations of the studied dyes calculated at the CAM-B3LYP/6-31+G(d, p) level are listed in Table 4 . The corresponding simulated absorption spectra are depicted in Figure 5 . The first optically allowed transition from S 0 → S 1 for C1-1, D5 and TH208 are simulated to populate at 501, 477 and 461 nm, respectively. For this transition, the absolute deviation with respect to the experimental values of these dyes (525, 490 and 494 nm 9 ) is below 35 nm, in agreement with the accuracy level expected at this level of theory. 49 The relative absorption intensities for C1-1, D5 and TH208 also agree well with those of the ) the studied dyes at 6-31G(d) level
Expt.
9 Table 3 . Basis set effect on λmax (nm/eV) and f (a.u.) for the studied dyes using CAM-B3LYP ). However, the close λ max values between D5 and TH208 are not correctly reproduced. This band for these dyes corresponds to the HOMO → LUMO and HOMO-1 → LUMO transitions, and is of charge transfer character thus possessing high transition intensity.
The spectral response of DSSCs is determined by the monochromatic incident photon-to-current conversion efficiency (IPCE), which can be expressed as follows
where LHE(λ) is the light-harvesting efficiency (LHE(λ) = 1 -10
), ϕ inj and ϕ reg are the quantum yields for electron injection and dye regeneration, and η coll is the electron collection efficiency. The relatively lower IPCE of the DSSC based on C1-1 9 can be attributed to the smaller oscillator strength of C1-1, leading to the relatively smaller LHE.
Conclusions
In this paper, the geometrical and electric structures of three D-π-A-type organic dyes (C1-1, D5 and TH208) with different electron-donating groups (THQ, TPA and PTZ) used for DSSC were investigated by DFT calculations. The UV-vis absorption spectra were simulated by TD-DFT calculations. The calculated geometries indicate that the strong conjugation is formed in these dyes. The NBO results suggest that there are some charges transferred from the donor to the acceptor, and the electron-donating ability of the THQ unit is stronger than those of the TPA and PTZ groups. The electron distributions and energy levels of frontier molecular orbitals of these dyes are beneficial to the charge separation between the donor and acceptor as well as the electron injection from the excited dye into the semiconductor CB. The CAM-B3LYP/6-31+G(d, p) provides acceptable simulated absorption spectra, with absolute deviation to the experimental values below 0.18 eV. The first optically allowed transition from S 0 → S 1 for these dyes is attributed to the HOMO → LUMO and HOMO-1 → LUMO transitions. The relatively low V OC and IPCE of the DSSC based on C1-1 are ascribed to the small normal dipole moment and oscillator strength of this dye, respectively. Figure 5 . Simulated absorption spectra of C1-1, D5 and TH208 in CH2Cl2 at the CAM-B3LYP/6-31+G(d,p) level.
